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WIREFRAME ALGORITHM AND NON-CONTACT 

GAUGING APPARATUS 

BACKGROUND 

1. The Field of the Invention 

5 The invention is directed to a non-contact gauging apparatus and, more specifically, to a 

method for performing surface profiling of a workpiece. 

2. The Background Art 

Cylindrical workpieces are used throughout manufacturing to operate in rotating 

Mil * 
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J machinery such as assembly line machinery or in turbines used in power generation or 
tj) propulsion. Such workpieces may have the shape of a cylinder or cone, or have circularly 
^ symmetric parts of irregular axial cross section. A workpiece may have a crown portion, a 
[7 concave portion, or a multiplicity of both. Workpieces range in sizes from two inches in 
h diameter to several feet in diameter depending on the function or application of the workpiece. 

_ * ,h 
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For quality control and assessment, accurate measurements of the workpiece provide 
15 information about the dimensions. During use, the workpiece may undergo wear and strain that 
alters its dimensions. In order to ensure quality performance, it is necessary to periodically take 
accurate measurements of the workpieces. It is further necessary to perform diameter 
measurements before machining a workpiece in order to accurately apply a grinding wheel to 
obtain the target diameters. After the machining process it is desirable to measure the shape of 
20 the workpiece as a record and to ensure quality control of the process. 

Diameter measurements have been conventionally performed through the use of 
micrometers or calipers that encircle the workpiece so as to come into contact with opposing side 
surfaces. This process is difficult and time consuming and requires the expertise of a skilled 
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operator performing the measurement. Since mechanical surface contact is required for 
micrometers and calipers to work, slight fluctuations in surface texture introduce error in 
measurement. The contours of the workpiece may make contact gauging instruments impossible 
to use due to the lack of positive engagement between the contacting surfaces of the instruments 
5 with the workpieces. A further disadvantage is that contact with the workpiece creates undue 
wear on the workpiece which cause deformities in the workpiece. 

More sophisticated measurement methods introduce the use of non-contact gauging by 
« measuring the intensity of light reflected from a workpiece surface. Such a non-contact system is 
7* disclosed in United States Patent No. 6,062,948 to Schiff et al. which is hereby incorporated by 
3D reference. Non-contact gauging systems are effective in determining a diameter at a position 
^ along a longitudinal axis of the workpiece. 
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r? In order to better ascertain the dimensions of a workpiece, it is desirable to obtain the 

u entire profile of a workpiece. Profiling requires numerous diameter measurements along the 
fy longitudinal length of the workpiece. The more diameter measurements that are performed, the 
1 5 more accurate the profile of the workpiece will be. Conventional methods require that the 

measuring equipment be positioned at various locations along a longitudinal axis for each 

diameter measurement. Thus, with even non-contact gauging systems, profiling a workpiece is 

time consuming, repetitive, and subject to operator error. 

It would be an advancement in the art to provide a non-contact gauging system that 
20 efficiently, expeditiously, and accurately profiles a workpiece surface. It would be a further 

advancement to provide such a system that provides an operator interface that is easily 

understood. Such a system and method are disclosed herein. 
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BRIEF SUMMARY 



The invention is directed towards a non-contact gauging system and method to profile a 
workpiece. The system includes a sensor head having a light source and a detector for receiving 
and determining the intensity of a portion of reflected light. A non-contact sensor enjoys the 
5 benefits of increased speed in measuring, superior accuracy, and reduced wear on the workpiece. 
The sensor head couples to a sensor arm that is movable in longitudinal, lateral, and transverse 
directions. 

□ The system further includes a computer having a processor and a memory with 
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#: instruction code. The computer is in communication with the sensor head and the sensor arm to 
US control their operation. The memory includes a sensor arm module to control movement of the 
7 sensor arm and a sensor head module to control operation of the sensor head. The memory 
H further includes a wireframe module that determines the diameters of the workpiece and 

generates a workpiece profile. 
1 y The sensor arm and sensor head modules direct the sensor arm and sensor head to 

1 5 perform proximity measurements of the workpiece surface. The proximity measurements are 
made along at least three parallel, lateral tracks that extend along a longitudinal length of the 
workpiece surface. The sensor head takes proximity measurements as it is moved continuously 
along each lateral track. During movement, the sensor head directs a beam of light to the 
workpiece surface and measures the intensity of reflected light to determine the proximity. 
20 The sensor head sends signals indicative of the proximity measurements to the computer. 

The wireframe module determines the diameters of the workpiece along the longitudinal length 

based on the proximity measurements and generates a workpiece profile. Based on the proximity 
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of the sensor to the workpiece at various lateral positions, the computer performs geometrical 
calculations to determine the diameter at a longitudinal position. Determining diameters of the 
workpiece along the longitudinal length of the workpiece allows the computer to determine a 
profile of the workpiece. 

BRIEF DESCRIPTION OF THE DRAWINGS 
In order that the manner in which the above-recited and other advantages and features of 
the invention are obtained, a more particular description of the invention summarized above will 
be rendered by reference to the appended drawings. Understanding that these drawings only 
provide selected embodiments of the invention and are not therefore to be considered limiting of 
its scope, the invention will be described and explained with additional specificity and detail 
through the use of the accompanying drawings in which: 

Figure 1 is a perspective view of one embodiment of the non-contact profiling system of 

the present invention; 

Figure 2 is a block diagram of various components of the non-contact profiling system of 
the present invention; 

Figure 3 is a block diagram of one embodiment of a sensor head for use with the non- 
contact profiling system of the present invention; 

Figure 4 is a side view of a workpiece and sensor head as viewed from the lateral and 
transverse axes; 

Figure 5 is a perspective view of the workpiece relative to the sensor head to illustrate 
one method of operation in accordance with the present invention; and 

Figure 6 is one embodiment of a graphical output to illustrate a workpiece profile. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The presently preferred embodiments of the present invention will be best understood by 
reference to the drawings, wherein like parts are designated by like numerals throughout. It will 
be readily understood that the components of the present invention, as generally described and 
5 illustrated in the figures herein, could be arranged and designed in a wide variety of different 
configurations. Thus, the following more detailed description of the embodiments of the 
apparatus, system, and method of the present invention, as represented in Figures 1 through 6, is 
□ not intended to limit the scope of the invention, as claimed, but is merely representative of 
% presently preferred embodiments of the invention. 

|| Referring to Figure 1, a perspective view of one embodiment of the profiling system 10 of 

s the present invention is shown. A three axis Cartesian coordinate system with reference to a 
^ workpiece 12 will be used in describing the invention. The "x-axis" refers to a lateral direction 
14 direction relative to the workpiece 12. The "y-axis" refers to a longitudinal direction 16 

_ 

relative to the workpiece 12. The "z-axis" refers to a transverse or vertical direction 18 relative 
15 to the workpiece. Positive directions are referenced as being right, forward, and up respectively, 

as is customary in geometry. 

Figure 1 illustrates the workpiece 12 mounted within the non-contact profiling system 10. 

The workpiece 12 may be any number of various nominally cylindrical geometric shaped parts 

or rolls which are machined or measured for various industrial purposes. A workpiece 12 may 
20 have the general shape of a cylinder, cone, or have circularly symmetric parts of irregular axial 

cross section. The system 10 is able to generate an accurate and reliable profile of the workpiece 

12. 
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The workpiece 12 may be mounted on journals 20, 22 as is common in the practice. The 
journals 20, 22 may in turn be mounted on journal rests 24, 26. A journal rest 26 maybe 
disposed on a track 28 that allows for longitudinal adjustment to accommodate workpieces 12 of 
various longitudinal lengths. 
5 The system 10 further includes a sensor head 30 which is the operative device for 

performing measurements of the surface of the workpiece 12. The sensor head 30 includes a 
light source (not shown) for directing a beam of light onto the surface of the workpiece 12. The 
Jl sensor head 30 further includes one or more detectors (not shown) that receive and detect light 
p scattered from the surface of the workpiece 12. The sensor head 30 includes apertures in 
W proximity to the surface to allow light to exit, impact the surface, and enter the sensor head 30 for 

-» *> 

^ detection. 

rf The sensor head 30 couples to a sensor arm 32 which moves the sensor head 10 relative 

y, to the workpiece 12 in longitudinal, lateral, and transverse directions 14, 16, 18. The sensor arm 
fU 32 may be embodied in various ways to enable movement of the sensor head 10. In one 
15 embodiment, the sensor arm 32 may include longitudinal, lateral, and transverse rail drives. 
Each rail drive may include a servo motor controlled by a rotary encoder. The sensor arm 32 
may be driven by a pneumatic system as is well known in the art. One of skill in the art will 
appreciate that other embodiments for the sensor arm 32 are possible and are included within the 
scope of the invention. 

20 The sensor arm 32 and the journal rests 24, 26 may be supported by a support stand 34. 

The shape and size of the support stand 34 is designed as needed to accommodate the system 10. 
The support stand 34 includes a horizontal platform 36 which is secured to and supported by a 
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suitable number of legs 38. 



The system 10 may further include a hood 40 that may rise from the support stand 34 and 



extend over the sensor head 30. The hood 40 shields the sensor head 30 from direct ambient 



light. Shielding from direct ambient light reduces interference in the measurement process. 



5 The system 10 may further include a programmable computer 42 which is in electrical 



communication with the sensor head 30 and the sensor head arm 32. The computer 42 includes 



instruction code for controlling the light sensing functions performed by the sensor head 32. The 



y computer 42 further reviews measurement data produced by the sensor head 32 to perform 

proximity and roughness computations and generate a workpiece profile as described in further 
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IS detail below. The computer 42 further controls movement of the sensor head arm 32 to place the 
s sensor head 30 in appropriate positions. 



Referring to Figure 2, a block diagram of components of one embodiment of the 
h computer 42 are shown. The computer 42 includes a processor 44 that is in electrical 



communication with a memory 46 through a bus 48. The bus 48 operably interconnects various 



15 internal components of the computer 42 and may be thought of as a data carrier. As such, the bus 



48 may be embodied in numerous configurations. Wire, fiber optic line, wireless 



electromagnetic communications by visible light, infrared, and radio frequencies may likewise be 



implemented as appropriate for the bus 48. 



The memory 46 may include one or more memory devices such as a non- volatile memory 



20 50, a read-only memory (ROM) 52, and a random access memory (RAM) 54. The memory 46 



further contains instruction code or modules for performing various functions in accordance with 



the present invention. The modules are illustrated as being generally resident within the memory 
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46 although they may reside in whole or in part within any of the above mentioned memory 
devices. 

In general, the represented modules include executable code and operational data. As 
used herein, the term executable code, or merely "executable," is intended to include any type of 
5 computer instruction and computer executable code that may be located within a memory device 
and/or transmitted as electronic signals over a system bus or network. An identified module of 
executable code may, for instance, comprise one or more physical or logical blocks of computer 
p instructions which may, for instance, be organized as an object, procedure, or function. 
=P Nevertheless, the executables of an identified module need not be located together, but may 
% comprise disparate instructions stored in different memory devices or locations which together 
7 comprise the module and achieve the purpose stated for the module. An executable may be a 

— 

Mt single instruction, or many instructions, and may even be distributed over several different code 
H segments, among different programs, and across several memory devices. 
1 y Similarly, operational data may be identified and illustrated herein within modules, and 

1 5 may be embodied in any suitable form and organized within any suitable type of data structure. 

The operational data may be collected as a single data set, or may be distributed over different 

memory devices or locations. 

The memory 46 may include a general purpose operating system 56 such as DOS, 

Windows, or Linux operating system. The memory 46 may further include a sensor arm module 
20 58 that provides executables for moving the sensor arm 32 to desired locations and to perform 

desired movements. The memory 46 further includes a sensor head module 60 having 

executables for instructing and controlling operation of the sensor head 30. 
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During operation, the sensor head 30 generates signals that are indicative of the proximity 
and roughness of a workpiece surface. These signals are received by the computer 42 and stored 
as proximity data 62 and roughness data 64 in the memory 46. 

The memory 46 further includes a wireframe module 66 having executable code for 
5 determining proximity measurements based on proximity data 62 at various longitudinal and 
lateral positions. The executable code of the wireframe module 66 may be generally referred to 
as a wireframe algorithm. The wireframe module 66 computes tracks that extend longitudinally 
Q (hereinafter referred to as "longitudinal tracks") and that conform to the external surface of the 
4* workpiece 12. The wireframe module 66 further determines diameters of the workpiece 12 at 
Ui various longitudinal positions as will be explained below. The wireframe module 66 combines 
7* the longitudinal tracks with the diameters to generate a wireframe model for the workpiece 12. 
M Based on the wireframe model, the wireframe module 66 generates a workpiece profile. 
H The memory 46 further includes a roughness module 68 for determining the surface 

1 * roughness of the workpiece 12 based on the roughness data 64. The roughness module 68 may 
1 5 store the surface roughness in correspondence to a surface position. 

The memory 46 further includes an interface module 70 that provides input and output 
interface operations for a user. The interface module 70 may generate a graphical user interface 
(GUI) to facilitate user operations. Through the interface module 70 a user may input commands 
and desired parameters for measurement operations. Measurement results and workpiece 
20 profiling may be returned through operation of the interface module 70. 

The computer 42 includes an input device 72 for receiving inputs from a user and may 
include one or more embodiments. By way of example, the input device 72 may be a keyboard, 
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mouse, microphone, touch screen or other devices known in the art. The computer 42 further 
includes an output device 74 such as a monitor, printer, speakers, and so forth to display or 
otherwise convey information to a user. 

The computer 42 may further include an archive 76 in communication with the bus 48 or 

5 remote to the computer 42. The archive 76 may be considered as independent from the memory 
46 or may be included within the memory 46. The archive 76 serves as a long term memory 
storage and contains a history for workpieces 12 that have been measured by the system 10. 

O Thus, a history of a workpiece profile and roughness may be maintained for future retrieval and 

HF comparison. 

- -j-l *. 

U6 The bus 48 is in communication with one or more ports 78 that provide communication 

7 to the sensor head 30 and to the sensor arm 32. The processor 44 processes the sensor arm 
H module 58 and the sensor head module 60 and generates signals to control operation of the 
^ sensor arm and head 32, 30. 

[ y Referring to Figure 3, a block diagram of the sensor head 30 is shown. The sensor head 

15 30 comprises a sensor head body 100 that contains the components of the sensor head 30. The 
sensor head 30 includes a light source 102 which may generate visible or non-visible light. Such 
sources are commonly known and the sensor head 30 relies upon operations of scatter and 
reflectance of light to perform distance measurements. In one embodiment, the light source 102 
may be a 670 laser. One of skill in the art will appreciate that other forms of light sources may 
20 also be suitable and are included within the scope of the invention. A light sensor has the 

advantage of superior measuring speed, accuracy, and reduced wear to the workpiece 12 due to 
non-contact. 
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The beam of light 104 may pass through an optic 106 that directs the beam 104 to the 
surface 108 of the workpiece 12. The sensor head 30 may be configured with an aperture 110 
through which the beam 104 exits the head 30. The beam 104 contacts the surface 108 and 
produces reflected light. A portion of the reflected light 1 12 reflects at a certain angle, passes 
through the aperture 110, and impacts a detector array 1 14. The sensor head 30 may include a 
second optic 116 that focuses the portion of the reflected light to the detector array 1 14. The 
detector array 114 generates a signal indicative of the proximity of the sensor head 30 to the 
surface 108. One of skill in the art will appreciate that the optics 106, 1 16 may be various kinds 
of lenses or reflective optics. 

A second portion of the reflected light 1 1 8 may be captured by a scatter sensing detector 
120. The scatter sensing detector 120 generates a signal indicating the amount and intensity of 
captured light. By knowing the intensity of the beam 104 and the intensity of the second portion 
118, the roughness of the surface 108 maybe determined. 

The first portion of light 1 12 may originate at a location that is referred to as a position 
sensing location 122. The second portion of light 118 may originate at a location that is referred 
to as a roughness sensing location 124. Both locations 122, 124 are within an area impacted by 
the beam 104. The roughness sensing location 124 may be closer to the surface 108 than the 
position sensing location 122. Roughness measurements are more accurate at closer ranges 
because of the effects of the ambient light and the incident angle. 

The light source 102, detector array 114, and scatter sensing detector 120 are in 
communication with the computer 42 to convey signals for operation. The computer 42 through 
the sensor head module 60 effects operation of the light source 102. The detector array 1 14 and 
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the scatter sensing detector 120 transmit signals indicative of their respective measurements to 
the computer 42 for processing. 

Referring to Fig. 4, a cross-sectional view of the workpiece 12 is shown to illustrate a 
process for determining the diameter of the workpiece 12 at a longitudinal location. The sensor 
5 head 30 is positioned above the workpiece 12 to take a plurality of proximity measurements. The 
proximity measurements have different lateral positions 200 along the x-axis but have 
approximately the same longitudinal position along the y-axis. 

0 By taking proximity measurements at at least three lateral positions 200, the diameter of 
± the workpiece 12 may be determined for the corresponding longitudinal position. Proximity 

II measurements at additional lateral positions 200 increases the accuracy of the diameter 
J* calculation. Calculation of the diameter based on proximity measurements may be done by 

* -i 
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M= various methods. In one method, at least three proximity measurements of the exterior surface 
curve of the workpiece 12 are made at indicated locations 200. Signals indicative of the 

1 y proximity measurements are sent and stored as proximity data 62. The wireframe module 66 
15 assumes and approximates a circle which will "fit" to the given locations 200. This method is 

herein referenced as computing a "curve fit" of the workpiece 12. Based on the curve fit the 
wireframe module 66 is able to determine the center 202 based on geometric principles. Once 
the center 202 is determined, the radius and diameter of the workpiece 12 for the longitudinal 
location are readily determined. As can be appreciated, additional proximity measurements at 
20 other lateral locations will increase the reliability of the curve fit method. 

Referring to Fig. 5, a perspective view of the workpiece 12 in relation to the sensor head 
30 is shown to illustrate a profiling method of the present invention. A user places the workpiece 
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12 in the journals 20, 22 which are positioned in journal rests 24, 26. Alignment measurements 
may be performed to ensure that the alignment of the workpiece 12 is true relative to the system 
10. In one process, the user may input the approximate dimensions of the workpiece 12, such as 
the length and the diameter. The user may also enter coordinates of both longitudinal ends of the 
5 workpiece 12. This allows the sensor arm module 58 to compute an estimated starting position 
for the sensor head 30. Thus, if the diameter of the workpiece 12 is 20", then an approximate 
starting distance may be 12 M above the center of the workpiece 12. 

0 The sensor head 30 may pass along multiple longitudinal tracks 204 to profile the 

f workpiece 12. A longitudinal track 204 extends along a longitudinal length of the workpiece 12, 
j|) conforms to the exterior surface of the workpiece 12, and maintains the same lateral coordinate 

as it extends. Longitudinal tracks 204 run parallel to one another, have different lateral 
M coordinates, and are approximately the same length. The longitudinal tracks 204 may extend 
jr along a portion or entire length of the workpiece 12. 

1 y As the sensor head 30 passes along the longitudinal tracks 204, the sensor head 30 takes 
1 5 proximity measurements. In operation, the sensor head 30 passes continuously along each 

longitudinal track 204. The sensor head 30 is capable of taking proximity measurements at 
different longitudinal coordinates while the sensor head 30 moves rather than pausing for each 
measurement. New measurements are constantly taken as previous measurements are stored as 
proximity data 62. In this manner, the system 10 quickly and efficiently measures along a 
20 longitudinal track without interruption or delay. 

After measuring along a longitudinal track 204, the sensor head 30 may then position 
itself at an end of another longitudinal track 204. The sensor head 30 then proceeds without 
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interruption along the next longitudinal track 204 and takes proximity measurements. Lateral 
positions for each longitudinal track 204 may be determined by the computer 42 or manually 
entered. 

While performing proximity measurements, the sensor head 30 may also simultaneously 
5 measure the roughness of the surface 1 08 of the workpiece 1 2. Thus, the sensor head 30 may 
move continuously in proximity to a track 204 and perform both proximity and roughness 
measurements. The computer 42 receives signals indicative of the intensity of the second portion 

— «* 

p of scattered light 1 1 8 and stores them as roughness data 64. The roughness data 64 is then used 

: 5 

£ by the roughness module 68 to compute surface roughness using methods well known in the art. 
|f) The system 10 takes proximity measurements for at least three longitudinal tracks 204 to 

! y enable diameter calculation. Signals indicative of proximity are stored as proximity data 62. The 
il wireframe algorithm 66 processes the proximity data 62 and determines the diameters of the 
M» workpiece 12 at various longitudinal coordinates using the curve fit method. In this manner, the 
nJ system 10 is capable of determining diameters along the entire longitudinal length of the 
15 workpiece 12 to profile the workpiece 12. A resulting profile of the workpiece 12 provides 

reliable information as to the form of the workpiece 130. By generating a profile, the wireframe 
algorithm 66 determines the position of crowns and concavities as well as "sag" in a workpiece 
12. 

A profile of the workpiece 12 may be associated with a workpiece identifier and a data 
20 and time. The profile may then be stored in an archive 76 for future review. A user may enter an 
identifier, such as a serial number, into the computer 42 and the computer 42 accesses the archive 
76 and returns with the last measured dimensions of the identified workpiece 12. A comparison 
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may be made of profiles over time to review wear on a workpiecel2. The dimensions of the 
workpiece 12 may be compared with the archived dimensions to determine the wear rate. 
Archiving the dimensions of a workpiece 12 allows traceability to give a complete history of the 
workpiece 12 which is useful for reprocessing of workpieces 12. 
5 Furthermore, the computer 42 may be in electrical communication with a network of 

computers. In a network, the workpiece 12 profile may be stored in a network file to allow 
access to the workpiece 12 profile by other computer terminals on the network. In many 
3 instances, a hard copy, memory storage, and network storage will all be used to store a record of 
% the workpiece 12 profile. These options in storage facilitate tracking of the workpiece 12 profile 
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iji and adherence to quality control systems such as ISO 9001 and Statistical Process Control. 

Referring to Fig. 6, an output 210 is shown that is representative of a workpiece profile. 
T A profile may be sent from the wireframe algorithm 66 to the interface module 70 which 
E generates the output 210. In one embodiment, the longitudinal length of the workpiece 12 may 

be shown along the y-axis 212 and the diameters may be shown along the x-axis 214. Suitable 
1 5 units of measurement may be used to convey longitudinal position and corresponding diameters. 

The output 210 illustrates the taper of the workpiece 12 and the location of a crown or concavity. 

The output 210 may also identify location of the zenith 216 of a crown or concavity in a 

workpiece 12. The roughness module 68 may send roughness data 64 to the interface module 70 

which is incorporated into the output 210. 
20 The output 210 may be modified by user input to display the profile according to given 

parameters. Thus, the units may be changed or certain longitudinal areas may be magnified to 

better illustrate the taper. The output 210 may also be modified to display radii rather than 
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diameters. One of skill in the art will appreciate that the output 210 may be configured to various 
formats and the invention is not limited to the embodiment of Figure 6. 

A hard copy of the output 210 may be printed on a printer along with any other pertinent 
information. The hard copy could be secured to the workpiece 12 to allow future users 
immediate access to information about the workpiece 12. 

The present invention provides an efficient and accurate system and method for profiling 
a workpiece. The sensor head takes a series of proximity measurements through uninterrupted 
passes along lateral tracks of the workpiece surface. Continuous measurements substantially 
increases the speed of the profiling process. The proximity measurements are processed by the 
computer to determine diameters along the longitudinal axis and produce a surface profile. The 
computer outputs a surface profile to the user that illustrates taper and the locations of crowns or 
concavities. 

It should be appreciated that the apparatus and methods of the present invention are 
capable of being incorporated in the form of a variety of embodiments, only a few of which have 
been illustrated and described above. The invention may be embodied in other forms without 
departing from its spirit or essential characteristics. The described embodiments are to be 
considered in all respects only as illustrative and not restrictive and the scope of the invention. 

What is claimed is: 
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